Abstract. The effects of anesthetics on the transmission and processing of sensory information within the thalamocortical pathway and the underlying mechanism are not fully understood. Using the extracellular recording technique, we investigated the changes of spontaneous and stimulationevoked activities within and between the ventral posteromedial nucleus (VPM) and primary somatosensory cortex barrel field (S1BF) of the rat in vivo during propofol anesthesia. Spontaneous local field potentials, whiskers deflection-elicited somatosensory evoked potentials, and multiunit activities in VPM/S1BF were assessed at different depths of propofol anesthesia. In VPM and S1BF, powers of spontaneous and stimulation-evoked activities, coupled with stimulationevoked multi-unit, were decreased with increasing of propofol anesthesia. Cortical onset latency increased during intermediate/deep level propofol anesthesia, whereas thalamic onset latencies were not changed even at different depths of anesthesia. In addition, spontaneous and whisker deflection-evoked alpha oscillations were observed during propofol anesthesia, which is similar to sleep spindles, These data suggest that propofol affects processing of sensory information by 1) attenuating respective neuronal activities in VPM and S1BF, 2) delaying the ascending signal transmission from VPM to S1BF, and 3) inducing a natural-sleep type of anesthesia.
Introduction
It has been demonstrated that the thalamus and the neocortex are reciprocally connected via pathways of varying levels of topography. Cortical neurons, organized in columns, are the fundamental informationprocessing modules of the cortex. A number of studies have shown that the thalamus serves as a gate for regulating the flow of sensory inputs to the neocortex. This gate is controlled by some neuromodulators, ion channels, and peptide receptors (1 -3) . Recently a growing number of studies focused on the sensory processing in the thalamocortical circuit at the network level (4, 5) .
The anesthetic propofol (2,6-di-isopropylphenol) has been shown to cause a reversible loss of consciousness by acting at all levels of integration in the central nervous system (6) . A functional magnetic resonance imaging study in humans suggested that propofol-induced unconsciousness could be related to a breakdown of within-and between-network connectivity in temporal architecture, which might be essential for perception of external stimuli (7) . Likewise, thalamocortical functional connection can be disrupted by propofol anesthesia (8) . EEG recording indicated that propofol affected sensory thalamus and cerebral motor cortex concurrently as well (9) . Although these studies partially demonstrated the effect of propofol anesthesia on thalamocortical connectivity, the electrophysiological impact of propofol anesthesia on sensory transfer and processing within these regions are poorly understood. Therefore, it is worthwhile to further investigate the effects of propofol
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Yi Zhang 1 , Zhaoduan Li 1 , Hui Dong 2 , and Tian Yu 1, anesthesia on thalamocortical sensory processing and to elucidate the underlying mechanisms. The rodent whisker system is a commonly used model for the study of sensory and motor processing in the mammalian nervous system (2) , as this model provides a whole picture of sensory processing, in which a principal whisker evokes action potentials in sensory neurons of the trigeminal nerve that projects to the ventral posterior medial (VPM) nucleus of the thalamus and finally reaches to the somatosensory cortex. To further understand the mechanisms of general anesthesiainduced unconsciousness, we used the electrophysiological technique to investigate the changes in spontaneous local field potentials (LFPs) and whiskers deflectionelicited somatosensory evoked potentials (SEPs) and multiunit activity (MUA) in VPM/primary somatosensory cortex barrel field (S1BF) during different depths of propofol anesthesia. We also studied the effects of propofol on the somatosensory processing within and between thalamocortical relay neurons and S1BF in rats.
Materials and Methods

Animals
Adult male Sprague-Dawley rats (270 -350 g) were provided with food and water at constant temperature (22°C ± 2°C, 30% humidity), 12-h light/dark-controlled condition at the Animal Facilities of Chinese Academy of Science at Shanghai, China. The experimental protocols for these studies were conducted in accordance with the ARRIVE guidelines for animal use and care.
Surgery
Animals were firstly anesthetized with 2% propofol (CA742; AstraZeneca UK Limited, London, UK) 80 mg•kg −1 , i.p. for induction and then maintained with infusion of propofol via a tail vein catheter. No general anesthetics other than propofol were used throughout the experiment. The rats were given pure oxygen for breathing spontaneously. From our pilot studies, blood gases were maintained with a normal physiological range under this anesthetic regimen. Body temperature of rat was controlled around 37°C with a heating pad. Lidocaine (20 mg/ml) was injected s.c. prior to the surgical incision. With the subject placed in the stereotaxic apparatus (RWD Life Science Co., Ltd., Shenzhen, China), the tissue was dissected to expose the cranium. The bone, but not the dura matter, over barrel cortex (2-mm posterior to the bregma, 5 mm from the midline and 0.9 -1.4 mm from the brain surface), and VPM (3.3-mm posterior to the bregma, 2.5 mm from the midline, and 5.25 -6.25 mm from the brain surface) was carefully removed by drilling a hole of < 1 mm in diameter, respectively. The wound margins were infused with lidocaine every 2 h. At the end of the experiments the rats were killed with an overdose of pentobarbital.
Electrophysiological recording
After removing the dura carefully, two extracellular tungsten microelectrodes (2 MW impedance at 1 kHz; A-M Systems, Inc., Sequim, WA, USA) were inserted perpendicularly into VPM and barrel cortex using two Narishige micromanipulators (MWS-1A and 1MWS-1B; Narishige, Tokyo) according to stereotaxic coordinates to obtain simultaneous recording of LFPs. As compared to EEG that consists of integrated signals from a large population of cortical neurons, LFPs recorded with micro-scale electrode are able to detect neural signals 250-mm around the tip of the electrode (10) and thus are thought to be generated by synaptic potentials in local regions (11) . The depth of recording was 5.2 -6.5 mm below the dura in the VPM and 1 -1.2 mm below the dura in the barrel cortex, which was ascertained by the neurons' facial receptive fields and their characteristic response features. One silver wire inserted into the tissue served as a ground electrode. The recorded signals were amplified by a Model 3000 High-Gain AC/DC Differential Amplifier (1 Hz -3 kHz, gain: 1000 ×; A-M systems, Inc., Sequim, WA, USA) and subsequently digitized at 20 kHz and analyzed with a Spike 2 system and software (Cambridge Electronic Design, Cambridge, UK). When all connections were in place, the infusion rate of propofol was turned down to achieve the light level of anesthesia.
Anesthesia levels
Three anesthesia levels were assigned to light, intermediate, and deep level, which was judged by responses to toe pinch and corneal stimulation (12) . Graded responses to toe pinching and corneal stimulation were tested every 5 min. Light anesthesia was characterized by loss of spontaneous activities and the presence of withdrawal from a toe pinch and corneal reflexes. 
Stimulation
All whiskers were cut to 1 cm, and a glass pipette which was broken to a tip diameter of 100 mm attached to a self-made puff apparatus was positioned at the cut end of a single whisker. The strength of puff was invariable during all experiments so that the individual whiskers were deflected 4 mm from their basic position. All whiskers were stimulated to confirm the principal one with best response to puff, which was defined as the whisker that evoked the shortest latency and largest amplitude response in a peristimulus time histograms (PSTHs) in the nearby extracellular electrode. The puff stimulation was initiated after 300 s of spontaneous activity and was sustained for 1000 s during each anesthetic level. The duration of whisker stimulation was 200 ms and interval was 6 s.
Data analyses
The offline analysis was performed with Spike 2 software.
For power spectrum analysis, 5 min of spontaneous and stimulation-evoked LFP was sampled at each anesthetic level. Delta (1 -4 Hz), theta (4 -8 Hz), alpha (8 -12 Hz), beta (12 -25 Hz), gamma (25 -60 Hz) frequencies were separated from the total power spectrum for comparison. SEPs comprising 1 s pre-stimulus and 3 s post-stimulus were extracted. SEPs at the same anesthetic level were averaged. For amplitude analysis of SEPs, all SEPs were divided into early responses (0 -100 ms) and late responses (100 -1000 ms) to stimuli.
For stimulation-evoked MUA analysis, MUA was extracted from noise by setting a threshold level after digitally band-pass filtering (300 -3000 Hz). Peristimulus time histograms (bin width 1 ms) were averaged from responses to consecutive whisker stimulations with 200-ms duration and 6-s interval in 1000-s periods at each level of anesthesia. PSTHs generated from the sum of spike-counts of 1-s epoch preceding stimulus onset, 0.2 s during stimulus, and 3-s epochs after stimulus (1st, 2nd, 3rd second after the end of stimulus) were extracted for analysis at different level of anesthesia, respectively.
Correlation of LFPs between VPM and S1BF was assessed by waveform cross-correlation analysis with Spike 2. LFP of VPM was selected as reference. Correlation coefficients correspond to the highest value of the correlation curve. In all experiments, 300 s of spontaneous activities and stimulation-evoked activities in both thalamic and cortical channels were extracted from three levels of anesthesia for correlation analysis, respectively. We further examined auto-correlation functions for MUA of neurons in VPM and S1 (bin: 1 ms, width: 1 s) to assess the major rhythmicity of oscillation. At each anesthetic level, 5 min of spontaneous and stimulationevoked MUA were sampled for analysis, respectively. The interval between the first and second peak from 0 s in the auto-correlograms represented the period of oscillation, the reciprocal of which equaled to the frequency of oscillation.
To estimate the effect of the increasing level of propofol anesthesia, the amplitude, onset latency, and spectrum power of the LFP were normalized to the maximal values from each animal.
Statistical analyses
Statistical analyses were performed with Origin 8. To determine whether the data were normally distributed, the one-sample Kolmogorov-Smirnov test and ShapiroWilk test were performed. All data in the experiments followed normal distribution (P > 0.05). Comparison between different levels of anesthesia was performed by one-way ANOVA and post hoc Tukey t-test. P < 0.05 was accepted for statistical significance.
Results
Effect of propofol on spontaneous and stimulationevoked LFP in S1BF and VPM
We recorded spontaneous and whisker deflectionevoked LFP simultaneously in the S1BF and VPM of rats under propofol anesthesia (Fig. 1) to test the effect of propofol anesthesia on the thalamus and cortex, respectively. The frequency region was from 1 to 60 Hz. We found that all powers during spontaneous and stimu- lation-evoked activities in VPM were decreased with increasing concentrations of propofol anesthesia, in particular under the deep level of anesthesia (P < 0.05), as shown in Fig. 2 , A and C. The downtrend of powers in S1BF (Fig. 2 : B and D) was not as evident as in VPM during both activities. In VPM, the peaks of power spectrum at three levels of anesthesia were all located at the range of 1 -4 Hz, whereas the peaks were all located at alpha band power (8 -12 Hz) in S1BF trace.
Effect of propofol on SEP in S1BF
Somatosensory evoked potential, elicited by tactile stimulus, consists of a series of waves that reflect sequential activation of neural structures along the somatosensory pathways. In our study, we found that vibration stimulation of the principal whisker triggered bursts of oscillations during all depths of anesthesia. As illustrated in Fig. 3 , propofol even significantly augmented amplitude of cortical stimulation-evoked early response (0 -100 ms) at deep level of anesthesia (P < 0.001). In addition, propofol significantly augmented the time delay between peaks of early and late response (100 -1000 ms) in a dose-dependent manner (P < 0.005), and reduced the amplitude of stimulation-evoked late response at deep level of propofol anesthesia (P < 0.001).
Whisker stimulation-induced spikes in VPM and SIBF during different depths of propofol anesthesia
MUA represents discharge from a small population of neurons in the recording region. Whisker stimulation induced multiple unit activities in VPM and S1BF during all depths of propofol anesthesia (Fig. 4A) . With increasing concentrations of anesthesia, the number of spikes during 1-s epoch before stimulus onset, 0.2 s during stimulus, and 3-s epochs after stimulus (1st, 2nd, 3rd second after the end of stimulus) were decreased significantly in the both regions (Fig. 4 : C and D, P < 0.05).
Effect of propofol on onset latencies of responses in S1BF and VPM
Onset latencies of evoked responses are significant for determining delays in sensory pathways and for indicating spread of activity between brain areas. Therefore, we compared the different onset latencies of SEP during different depths of propofol anesthesia in S1BF and VPM (Fig. 5) . Firstly, onset latency in SIBF was significantly increased during intermediate (P < 0.05) and deep (P < 0.001) level when compared with light level of anesthesia (Fig. 5B1) . However, onset latency of response in VPM was not changed during different levels of propofol anesthesia (P > 0.05, Fig. 5B2 ). In addition, the averages of cortical onset latency subtracting thalamic onset latency during intermediate (P < 0.005) and deep (P < 0.001) level of anesthesia were increased notably when compared with light level of anesthesia (Fig. 5B3) .
Effect of propofol on thalamocortical synchronization of neuronal activity
During periods of slow wave sleep/anesthesia, widespread synchronized oscillations occur throughout the thalamus and the cortex (13) . We further examined whether thalamocortical synchronization was altered during different depths of propofol anesthesia (Fig. 6) . Firstly, LFP recording showed that there was no significant difference in correlation coefficient between VPM and S1BF during spontaneous activity at three anesthetic depths (P > 0.05, Fig. 6 : B left and C). Secondly, thalamocortical synchronization during whisker stimulation at deep level of anesthesia was significantly higher than that at light level of anesthesia (P < 0.05, Fig. 6 : B right and C).
Spontaneous and stimulation-evoked alpha rhythms during propofol anesthesia
Propofol elicits frontal alpha-rhythms (8 -12 Hz) in human EEG (14) . In the present study, spontaneous and deflection-evoked spindle-like oscillations were observed in MUA of VPM and S1BF at all depths of propofol anesthesia, whereas these oscillations were evident only in LFP of S1BF, but not in VPM (Fig. 7A) . The auto-correlation functions of MUA indicated that the major components of oscillations in VPM and S1BF during spontaneous and stimulation-evoked activities were all in the alpha frequency band (Fig. 7: B and C) , and the frequency of oscillations was decreased with the increasing of anesthetic level, in particular during deep level of anesthesia (P < 0.05), as illustrated in Fig. 7C .
Discussion
A large number of studies have proved a crucial role of the thalamocortical system in sensory perception and modulation of consciousness (15, 16) , whereas anesthetics induced unconsciousness to a great extent by affecting information processing in the thalamocortical pathway (17, 18) . In the present study, by using extracellular electrophysiological recording techniques, we investigated the effect of different levels of propofol anesthesia on sensory processing between the posteromedial nucleus (VPM) of the thalamus and primary S1BF in adult rats. Our data suggest that spontaneous activities in VPM and S1BF, SEPs in S1BF, the synchronization between VPM and S1BF were affected to different extent with increasing levels of propofol anesthesia.
Analysis of spectrum and correlation of LFP within and between VPM and barrel cortex
It was suggested that the general anesthetic isoflurane could disrupt long-range phase synchronization of neuronal activity in the cortex of rats (19) and attenuate the cortical integration of sensory perception formation (20) , which may underlie the anesthetic-induced loss of consciousness. However, the effect of general anesthetics on the correlation between the cortex and thalamus is still controversial. It was reported that a disruption of thalamocortical connection might be associated with surgical anesthesia (21) . Furthermore, cortex and thalamus are out of phase with each other during deep anesthesia due to d-waves appearing in the two regions and induced binding of information is unable to be achieved, eventually causing absence of consciousness and cognition (22) . However, another laboratory reported that deep propofol anesthesia could lead to persistent and synchronous alpha-activity in thalamocortical loops, which may impede responsiveness to external stimuli, thus providing a correlation for unconsciousness (23) .
In our results of LFP from S1BF and VPM, the dominant rhythm in S1BF was the alpha band (8 -12 Hz), which is presumably due to alpha oscillations induced by propofol anesthesia (14, 23) , as shown in Fig. 7A . By contrast, the dominant rhythm in VPM was the delta band (1 -4 Hz) in the present study, which is an intrinsic rhythm deriving from the interaction between I h and I t at hyperpolarized levels in thalamocortical relay neurons during sleep and anesthesia (24, 25) . Consequently, the different patterns of activity in the two regions under propofol anesthesia resulted in an asyn- A: an example of onset latency in S1BF (A1) and VPM (A2) during three anesthetic depths from a trial. B: The analyses of onset latency of SEP in VPM and S1BF. Data are presented as the mean ± S.D. B1: During intermediate and deep anesthetic levels, onset latency in S1BF was significantly longer (compared with light anesthesia group). B2: There were no significant differences in onset latency in VPM at different levels of anesthesia. B3: The averages of cortical onset latency subtracting thalamic onset latency significantly increased during intermediate/deep level of anesthesia (compared with the light anesthesia group, n = 8 for each group, *P < 0.05, **P < 0.001).
chronization between the cortex and thalamus and ultimately caused the relatively low correlation coefficient.
On the other hand, our data indicated that thalamocortical synchronization of neuronal activity during whisker stimulation at deep level of anesthesia is notably higher than that at light level of anesthesia. This is probably due to the burst-suppression produced by a deep level of propofol anesthesia. In the burst-suppression condition, peripheral stimulation could evoke a more outstanding on-off response on a near-flat EEG in VPM (2) and cortex (26) , as compared with light and intermediate anesthetic levels. Also, in this condition, the repertoire of discriminable firing patterns available to the corticothalamic system shrinks, which may result in the neural activity in the thalamocortical circuit being less informative, even though it may be globally integrated (27) .
SEPs
Typically, cortical SEPs are divided into early and late components (28) . It is generally thought that early component obtained by averaging potentials within 0 -100 ms reflects a perturbation of neuronal dynamics by sensory input, and it is commonly believed that increasing levels of anesthesia produce a progressive loss of brain responsiveness to external stimuli (29) . However, in the present study, propofol augmented rather than reduced the amplitude of cortical stimulationevoked early response at the deep level of anesthesia. In agreement with our observation, Imas et al. (19) also reported that isoflurane augmented the amplitude of the early event-related potentials component and suppressed the amplitude of late component in primary visual cortex. This paradoxical result may be due to unstable cortical hyperexcitability during anestheticinduced burst suppression, which is caused by cortical disinhibition elicited by anesthetic agents (30) . The present findings raise a possibility that burst suppression may lead to an irrelevance between changes in amplitude of early responses and depth of anesthesia. Therefore, the amplitude of early SEPs may not accurately reflect the depth of propofol anesthesia.
On the other hand, the late response in the primary sensory cortex obtained by averaging potentials during the 100-to 1000-ms post-stimulus period may be mediated by recurrent activity between sensory-specific and higher cortical processing regions and is necessary for conscious perception (31, 32) . In our study, the amplitude of whisker stimulation-evoked late responses was reduced with increasing of anesthetic depth in a dose-dependent manner. This is consistent with previous reports that anesthetics suppressed the long-latency component of response to flash stimulation in the visual cortex (33) . Consequently, it seems that propofol-induced suppression of the late component of SEP may be also be related to cortico-cortical feedback and loss of consciousness.
Onset latency
Our results indicated that the onset latency of cortical SEPs was prolonged during intermediate and deep level of anesthesia, whereas onset latency of thalamic SEPs was not altered significantly (Fig. 5) . In human EEG study, inhalational anesthetics produced dose-dependent increases in latency of SEPs; however, subcortical, spinal, and peripheral evoked responses were less affected (34) . Another published work demonstrated that there was no jitter or shift in latency of the response to whisker vibration in VPM neurons even during deep isoflurane anesthesia (2) . These results were all in favor of our findings. Therefore, it is possible that propofol delayed the ascending signal transmission from VPM neuron to S1BF, but had no effect on peripheral sensory signals transmitting to VPM.
Alpha oscillation
Ching et al. (23) suggested that propofol elicited synchronous alpha oscillation within the cortex and thalamus by augmenting GABA A conductance. This hypersynchronous alpha oscillation prevents the sensory thalamus from relaying peripheral information to the cortex, and thereby is associated with anesthetic-induced loss of consciousness (35) . Consistent with these results, in our study, spontaneous alpha oscillation appeared in both the cortex and thalamus at all levels of propofol anesthesia as well even during burst suppression. Further, alpha oscillation can be elicited by whisker deflection in the two regions, which was more prominent in deep level of anesthesia due to reduction of background activity.
The early cortical response and the following alpha oscillations elicited by whisker stimulation in the current study resembled the sleep k-complex and spindles described previously in sharpness and frequency (36, 37) . It has been demonstrated that during physiological sleep, especially in stage 2 of sleep, a k-complex followed by a spindle can be observed in response to a sensory stimulation (38) , whereas these stimuli-evoked alpha oscillations were not observed during isoflurane or sevoflurane anesthesia (39, 40) . These observations may support the notion that some features of physiological sleep are better preserved in anesthesia with propofol than in that with isoflurane or sevoflurane.
Dissociation between LFP or SEP and MUA
The relationship between LFP and MUA remains elusive (41, 42) . In some studies, LFP power and spike activity were correlated (43, 44) , but the dissociation between LFP and MUA was reported by some other researchers (45, 46) . In our study, alpha oscillation was evident in LFP and MUA of S1 and MUA of VPM during both spontaneous and stimulus-evoked activities, rather than in the LFP of VPM (Fig. 7A) . This possibly results from the intrinsic feature of LFP and MUA. LFP is a low-frequency (< 300 Hz) component of raw recording, representing the integration of synaptic activity from all local neurons (10) . Therefore, the unconspicuous alpha rhythm in LFP of VPM is possibly attributable to the offset between excitatory synaptic activity (from cortical and peripheral inputs) and the enhanced inhibitory synaptic activity by propofol anesthesia (from thalamic reticular nucleus). On the other hand, MUA is the high-frequency (> 300 Hz) portion of raw recording, reflecting spiking of local neurons. The enhanced inhibition to relay neurons in VPM causes that thalamic dominant rhythm in spiking activity is driven by the cortex in which alpha rhythm is robust (23, 47) .
Moreover, during burst suppression, the suppression of inhibitory post-synaptic activity produces a relative increase in excitatory post-synaptic activity, inducing the augmented amplitude of SEP at deep level of anesthesia (30) . However, the firing rate of the spike is still reduced due to the direct hyperpolarization in membrane potential induced by propofol anesthesia (48) . Hence this is a possible reason why SEP in S1BF was augmented while MUA was attenuated at deep level of anesthesia in our study.
Conclusions
We therefore conclude that 1) Thalamocortical circuits preserve a certain degree of sensory responsiveness even in deep anesthesia with propofol; 2) Propofol anesthesia delays the ascending signal transmission from VPM to S1BF without affecting peripheral sensory signal transmitting to VPM; and 3) Since alpha oscillation and the early component of SEP under propofol anesthesia resemble that of spindles and k complex in natural sleep, propofol may induce a natural-sleep type of anesthesia. We are grateful to the staff of Dr. Shu's lab in the Institute of Neuroscience, Chinese Academy of Sciences, Shanghai, China.
